The magnetohydrodynamic excitation of a cold magnetized plasma in a cavity by externally imposed pressure perturbations is examined through use of various simple models. The purpose is to outline the possible responses triggered in the terrestrial magnetosphere by the changes in the solar wind dynamic pressure or other sources of pressure perturbation at the magnetopause. Although the source is compressional, the impulse response of a uniform plasma in a cavity is found to contain both fast and transverse mode oscillations. When nonuniformity is introduced in the model, the fast and transverse signals couple and field line resonances and damped global eigenmodes appear in the response. Field aligned currents are a necessary component of any ionospheric response to compressional perturbations but arise only in models that allow for the nonuniformity of the system. The field-aligned currents drive ionospheric motions similar to those predicted as signatures of flux transfer events on the magnetopause. The models qualitatively fit with the recent space, ground-based and ionospheric radar measurements of magnetospheric response to solar wind changes.
INTRODUCTION
The magnetosphere is continually buffeted by the solar wind. Variations in the upstream pressure occur on a variety of time scales (see, for example, Siscoe et al. [1968] ) and the magnetospheric responses are comprised of an assortment of transients and normal modes. The surface signatures of solar wind pressure impulses have long been recognized [e.g., Sano, 1964 Sano, , 1965 Kuwashima, 1972; Nishida, 1978 [Lanzerotti et al., 1986 [Lanzerotti et al., , 1987 Lanzerotti and Maclennan, 1988] . In this paper our aim is to identify types of response in the coupled magnetosphere-ionosphere system to pressure variations at the magnetopause. Using very simple models, we show that the response depends on the time scale of changes and also in an important way on the spatial scale of the pressure change at the boundary (i.e., the effective lengths parallel and perpendicular to the field at the boundary as the perturbation in the solar wind sweeps around the magnetosphere).
The upstream solar wind pressure and by extension the thermal and magnetic field pressures in the magnetosheath are critical parameters in determining the state of the magnetosphere. The size of the magnetospheric cavity is controlled by the solar wind dynamic pressure (and to a lesser degree by the fluid and field pressures). After an increase in external pressure the cavity will adjust to a new equilibrium size, governed to a good approximation by the semiempirical relation L o, (solar wind dynamic pressure) '1/6 where L is the standoff distance of the magnetopause subsolar point.
During a compression, the plasma adjacent to the magnetopause moves inwards as the field and plasma pressure increase to meet the new pressure balance condition. Elsewhere interior of the magnetosphere or in the ionosphere) there are plasma motions but they will not necessarily be in phase with the boundary motions. The magnetosphere is not rigid; inward motion of the magnetopause compresses the magnetospheric plasma (and magnetic field). If a change in external pressure takes place on a time scale shorter than the time taken by a magnetohydrodynamic wave to travel through the magnetospheric cavity (-10 min), the magnetopause acts as a source of a compressional magnetohydrodynamic signal that propagates through the system. As well as communicating the new equilibrium conditions, the signal can excite transient responses, for example normal modes. The magnetosphere as a whole can ring (a global compressional mode response) or ringing may be confined to certain selected shells (field resonance). Even where the global mode is not excited there is still a response away from the resonant shell. In this case the response will more directly reflect the form of the applied pressure changes as the signal will not be contaminated by the presence of an oscillatory transient associated with a normal mode response. The mechanisms through which the ionospheric response is generated have been discussed by Rezhenov and Lyatskiy [1987] , Safargaleyev and Mal'tsev [1987] , and Lyatskiy and Safargaleyev [1987] , who suggest that specific convection patterns or localized particle precipitation may be important in setting up the ionospheric responses observed on the ground. Our approach, based on analysis of waves propagating through the magnetosphere, differs from that used in these papers.
Before introducing models of the magnetospheric system we shall first discuss the characteristics of the imposed pressure perturbations.
SPATIOTEMPORAL STRUCTURE OF PRESSURE PERTURBATIONS
The typical pressure perturbation, be it periodic or an impulsive or stepwise change, will exhibit some structure, e.g., a front or a series of phase fronts that moves systematically away from the Sun. In Figure 1 we show [after Elphic, 1989] a series of pictures illustrating the motion of an isolated pressure pulse over the magnetopause. A ridge moves over the magnetopause away from the subsolar point. In the sketch there is a single front within which the magnetopause moves in and out producing a compressional change of limited extent. As the compression sweeps around the magnetopause the pressure perturbation imposed on the magnetosphere has both a characteristic spatial scale size, L, and time, T, linked by the relation T=L/U where U is the speed along the boundary. We must allow for a spatial structure that is imposed by the perturbation and it is also clear that the motion of the perturbation is both along and across the magnetic field. As mentioned later in the paper, the scale length perpendicular to the field is of some significance in determining the type of magnetospheric response. We shall parametrize the variation imposed at the boundary by assuming that a given perturbation may be made up of a collection (potentially infinite) of spatial Fourier components and we shall describe the response to a specific Fourier component. In a similar spirit we shall use Laplace transforms to describe the temporal structure of the perturbation. However, we shall need to switch from frequency domain to time domain as we outline the types of system response and so we shall have to treat the variation more rigorously in time than in space.
UNIFORM FIELD MODEL
Let us first ignore all nonuniformity in the system and consider the ionosphere as a perfectly conducting boundary. We treat the magnetosphere as a bounded plasma whose quasidipolar magnetic geometry is mapped into a cuboid as shown schematically in Figure  2 . The auroral ionospheres correspond to the boundaries at the upper and lower ends of the field lines. The equatorial ionosphere corresponds to the boundary at the left side of the box and the magnetopause corresponds to the boundary at the right of the box. In the discussion that follows, the magnetic field within the box is taken uniform but two different assumptions regarding the plasma density variation are introduced. Despite the enormous simplification, the major types of response to an external pressure perturbation appear in the uniform box model and we can deduce qualitatively how a more complex system would behave.
Consider, therefore, a cold plasma contained in a volume of sides a, b, c (see Figure 3) , in which the density @ and the field Be,. (ez is the unit vector in the z direction) are uniform. We are interested in the response of this system to a pressure variation of the form exp (ikyy + ik•z) p(t)
imposed at the boundary, x = a. As pressure balance is maintained across the boundary, there will be a magnetic compression in the cold plasma inside the boundary with a corresponding field perturbation bz(t) at x = a where, for example, bz(t) = p(t) go/B = f(t) Because of the specific "switch-on" of the system at t=0, an initial surge travels through the system which sets up all possible normal modes.
The front moves at the Alfven speed, A. At the inner boundary, x = 0, the front reflects. As is clear above the actual signal is made up of an infinite sum over the eigenmodes. After one or two reflections, the phase differences between modes of different order starts to become significant and the individual normal modes in the response become apparent. 
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The sinh function in the numerator shows that the signal has the form of a surface wave with amplitude decaying away from the boundary. The amplitude variation with distance from the boundary is sketched in Figure 5 . We also show for comparison the spatial variation of the lowest frequency response in the fast mode. In both cases the transverse field displacement is shown. Note how the amplitude of the fast mode signal is constrained to be zero at the outer boundary whereas the amplitude of the Alfven mode peaks there. The discrepancy in behavior is because the Alfven disturbance, being incompressible, perturbs the pressure nowhere. The transverse magnetic field, by, parallel to the boundary, is proportional to •y, the y plasma displacement. It follows that there is steep jump in by at the boundary like that for •y. There is thus a sheet current on the boundary flowing in the z direction, a fieldaligned sheet current. It is not surprising that the Alfven mode signal contains field-aligned current; the Alfven mode is characterized by field-aligned current flow [Dungey, 1968] . It can be checked from the formulae given above that these boundary currents are the only field-aligned currents set up by the perturbation; everywhere else the field is curl-free. Except in the resonant case alluded to above, sinusoidal excitation of the boundary leads to the plasma displacement having a spatial distribution like a surface wave and oscillating with steady amplitude at the source frequency, the nonresonant response.
In the nonresonant response, the phase relationship between the displacement and the source pressure perturbation depends at any given point on the relation between frequency and the parallel wave vector, kz as is evident from the factors (e0 •-A2kz2) 'l in (17) and (18). For low frequencies, t002 < A2kz 2, a (positive) maximum in the source pressure oscillation corresponds to the plasma being displaced in the direction antiparallel to the pressure gradient. The situation corresponds to the quasistatic situation in which the field lines bend in the meridian to take up with field tension the imposed pressure excess.
For high frequencies but with AZky 2 >mo 2 > AZkz 2, the inertia of the plasma is important and the plasma displacement is out of phase with the pressure perturbation (i.e., the plasma is displaced in the direction of the gradient at the time of the peak pressure) if the source is oscillatory. In the high-frequency limit, the approximate The critical parameter is in fact the perpendicular wave number, ky. If ky is smaller than or comparable to kz global eigenmodes can occur and a broad band source at the magnetopause gives rise to damped global eigenmodes within the magnetospheric cavity which will feed energy into a discrete set of field line resonance regions in the long time limit. On the other hand, if the source is spatially localized so that ky is large compared to kz (which is itself comparable to m/A), then the global eigenmodes do not occur and the compressional signal evanesces away from the boundary surface wave, coupling at some point to the field line resonance (the latter being the situation envisaged by Southwood [ 1974] and by Chen and Hasegawa [1974] ). In this latter case there is no preferred frequency for field resonance; the magnetosphere simply acts as a spatial filter. A broadband source at the magnetopause would, in such a case, set up pulsations over an extended range of radial distance with each field line resonating at its Alfven resonance frequency [Hasegawa et al., 1983] .
The contrast between the models with uniform and nonuniform Alfven velocities is important. In the uniform case analyzed above, the Alfven mode occurs at a single frequency. The nonuniformity allows the Alfven mode to be pumped over a continuous range of frequencies, the "Alfven continuum". However, the singular shell The key to understanding the interaction with the ionosphere is the presence of field-aligned current. When ionosphere and magnetosphere move together, the ionosphere is a sink of magnetospheric momentum; ion-neutral collisions act as a frictional drag on the plasma motion. Field-aligned currents transmit momentum between magnetosphere and ionosphere (see, for example, Southwood and Hughes [1983] ) and a field-aligned current system must be set up that couples the ionosphere into a magnetospheric motion. With a field-aligned current coupling the flow in the two regions, the magnetosphere drives an incompressible flow as required in the ionosphere.
One The perturbation creates a ripple traveling across the field at a speed, U. H is the Heaviside step function and its form ensures that the pressure perturbation is always negative. We shall assume that the scale length of the ripple, 1/ky, is small compared to the system dimension (like the sketch in Figure 1 ) but that the scale along the field is relatively large. (The situation envisaged is thus more appropriate for modeling the manner in which the ripple shown in the figure sweeps around the flanks rather than its motion over the polar magnetosphere.)
The transform of the source expression in equation (26) One thus concludes that the response of the system at a given x position in the cavity depends critically as to whether or not the local Alfven resonance frequency, A(x)k,t, is near the central frequency of the source perturbation, k•U.
Where k•U is well separated from kzA(x), the field-aligned current contains signatures of two sorts. In the interval immediately following the arrival of the perturbation, the field-aligned current reflects Evidently, j, = 0 for t < tl =y/U. Fort2 > t > y/U, the only nonvanishing contribution is from fy(t, t•). A field-aligned current proportional to cos kyU(t• -t) develops and, simultaneously, field lines begin to oscillate at the local resonant frequency kzA(x). During the initial interval, the signal is in phase with the driving signal. Only near the field lines where kzA(x) is approximately kyU is the amplitude large. There the amplitude growth is quadratic in time while the ripple passes, i.e., until t2 = y/U + •tlk•U. For t > t2, both fy(t,t•) and fy(t,t2) are nonvanishing in (29a); the terms proportional to sin kyU(ti-t) cancel, leaving only vibrations at the local resonant frequencies until damped by whatever dissipation process is dominant in the system. The time signature of 3•(x,t) is illustrated schematically in Figure 7 .
In either case (the driven field-aligned response or the oscillatory response) the field-aligned currents generate field and flow patterns in the ionosphere and by projection in the magnetosphere. There could be some feedback between magnetosphere and ionosphere, but we do not discuss it here. However, we are able to describe qualitatively the nature of the resulting coupled ionospheric and magnetospheric flow. We focus on the region where the amplitude of the parallel current is large, i.e., near the region where kyU = kzA(x). Southwood [1985 Southwood [ , 1987 proposed would be set up by flux transfer events. There is no doubt that the mechanism described here explains how such a pattern could be excited by a pressure pulse.
SUMMARY: FIELD-ALIGNED CURRENTS AND NONUNIFORMITY
We have dealt in a qualitative manner with the response in a nonuniform plasma and in particular with the generation of fieldaligned currents which serve to couple the ionosphere, which is capable of moving only in response to incompressible magnetospheric perturbations, to compressionally driven magnetospheric motions. The major results are as follows:
1. A compressional signal at the boundary drives a signal that has incompressible components elsewhere in the magnetosphere 2. The incompressible flow has field-aligned current flow associated with it; the pattern of field-aligned currents determines the response observed on the ground 3. The field-aligned currents will set up an electric and flow system throughout the ionosphere resembling in many respects that predicted for FTEs [Southwood, 1987] 4 
THE MAGNETOSHEATH
We have ignored the magnetosheath in the treatment presented here. We have treated the magnetopause as if it were a quasi-free boundary at which any perturbations in pressure are simply imposed from the outside. Thus, for example, when no external pressure is applied to the boundary we have imposed the requirement that the pressure perturbation is zero at the boundary. The boundary condition causes perfect reflection at the boundary but is unlikely to be a good assumption. Outside the boundary there is a compressible plasma, denser but less hot than the plasma inside the magnetopause. This plasma certainly can sustain waves and thus the boundary does not necessarily act as a total reflector either to waves incident from the magnetosphere or to pressure perturbations incident from upstream.
In previous studies, such as Kivelson and Southwood [1985] , it has been argued that the density contrast across the magnetopause implies that it is best approximated by a rigid boundary. Such a condition makes the boundary a good keflector for waves incident from either side but is precisely opposite to the condition used here. (For example, the cavity eigenmodes discussed here obey the magnetopause boundary condition, b• = 0.) The condition we have used is the simplest one possible to model upstream incident pressure perturbations, but the earlier work clearly calls it into doubt for anything but qualitative work. The remedy is to develop a new model in which the effect of the magnetosheath plasma is allowed for specifically.
CONCLUSIONS
We have reviewed the response of a magnetospheric cavity to perturbations in the external pressure applied at the magnetopause. Very simple cold plasma models have been used that should provide a qualitative but not a quantitative model of behavior.
We have shown that a time dependent pressure perturbation at the magnetospheric boundary can excite internal fast mode and transverse mode eigenoscillations as well as providing a response directly reflecting the time behavior of the source. In the nonuniform plasma a broad band source (i.e., impulsive) time signature would potentially lead to excitation of global damped quasi-eigenmodes which would feed energy preferentially into a discrete set of localized field line resonance regions in the long time limit.
There has been a wealth of recent observations pertinent to the theory discussed here. Sibeck et al. [1988] have provided a study based on spacecraft and ground-based data from multiple sources. The paper examines the magnetospheric response to low-frequency variations in upstream solar wind pressure. Wave perturbations are detected at synchronous orbit and at a magnetometer at South Pole station on the surface of the Earth. Farrugia et al. [1989] have studied periods where the ISEE 1/2 spacecraft pair are in the vicinity of the magnetopause using concurrent upstream IMP 8 spacecraft solar wind data and ground magnetometer data from the same local time zone as the ISEE spacecraft. They too find distinct signatures of the magnetopause response to pressure perturbations. Significantly, they find evidence of an isolated response that is bipolar at some latitudes but oscillatory elsewhere. We interpret such observations as the response to a boundary perturbation containing a dominant period and localized enough that the global mode response is not excited. Rather, one sees a directly driven response at most latitudes, the exception being the latitude where the central frequency of the source matches the local Alfven transverse mode frequency and where accordingly an oscillatory response appears.
Farrugia et al. 's [1989] study is one of a class of recent works directed originally at the identification of the ionospheric signature of flux transfer events. The studies were pioneered by Lanzerotti and coworkers [Lanzerotti et al. 1986 [Lanzerotti et al. , 1987 Lanzerotti and Maclennan, 1988 ] who found bipolar signatures in ground magnetometer records and also excitation of oscillatory signals in the frequency corresponding to transverse mode resonant frequencies for field lines in the vicinity of the dayside cusp. In similar studies using a grid of magnetometers in Greeenland, Friis-Christensen et al. [ 1988] and McHenry et al. [1989] have detected the signatures of moving vortexlike structures in the ionospheric flow that they ascribe to magnetopause perturbation. The patterns move at such a speed that they cannot be frozen into the ionospheric plasma. The most likely explanation is that they are the responses to a perturbation sweeping past the magnetosphere along the magnetopause in a manner consistent with our model of a solar wind pressure front sweeping by.
It follows that there is now not only a body of evidence that the magnetosphere has a distinct set of responses to changes in applied solar wind pressure but also that such changes penetrate down to ionospheric heights. Our work has shown that the latter effect is a direct consequence of the nonuniformity of the magnetospheric cavity. A consequence of the existence of vortical motion in the ionosphere is that net momentum and flux are transferred in the direction of motion of the vortex in response to pressure perturbations on the boundary (see, for example, McHenry et al. [1989] ). The sense of the transfer is independent of whether the system experiences a compression or a rarefaction. We intend studying the question further in subsequent work.
